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Oxidative foldingdepends on the coordinated action of at least six protein translocases present in
both mitochondrial membranes. They use different energy sources to drive unidirectional transport of
proteins across and into mitochondrial membranes. Here we present an overview on the energetic
requirements of different mitochondrial import pathways.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
Eukaryotic cells are structurally and functionally subdivided into
membrane-bounded compartments, the cell organelles. Each orga-
nelle contains a speciﬁc set of proteins enabling it to perform speciﬁc
functions within the cell. The synthesis of the organellar proteins
occurs almost exclusively in the cytosol. This means that a large
proportion of all proteins translated on ribosomes in the cytosol have
to be transported across membranes to the sites where they fulﬁll
their function. Targeting and suborganellar sorting of proteins rely, on
the one hand, on the presence of organelle-speciﬁc targeting signals
and, on the other hand, on the recognition of these signals by speciﬁc
receptors, usually present on the surface of the organelles. Receptors
are normally parts of large complexes, protein translocases, which
mediate transport of proteins across and/or their insertion into the
organellar membranes. Protein translocases use different energy
sources to drive unidirectional transport of proteins. Here we take a
closer look at the different pathways for translocation and sorting of
proteins in mitochondria and discuss the various energy sources and
the modes how they are used (Fig. 1, for detailed reviews on
mitochondrial transport systems please refer to [1–4]).
2. An overview of mitochondrial import pathways
Mitochondria are essential organelles that play a major role in
production of ATP and various biosynthetic pathways. They are: +49 89 2180 77093.
. Neupert).
ll rights reserved.surrounded by two membranes, the outer and the inner mitochon-
drial membrane. These two membranes deﬁne two aqueous sub-
compartments, the intermembrane space and the innermost
mitochondrial matrix. Such a structure poses speciﬁc problems
regarding the topogenesis of proteins. Mitochondrial proteins not
only have to be targeted to the organelle but also sorted to the right
mitochondrial subcompartment. Mitochondria also contain their own
genome and a complete machinery for its expression. However, only a
handful of mitochondrial proteins are encoded in the mitochondrial
DNA (mtDNA). The rest, ca. 1000 different proteins are encoded in the
nucleus, synthesized in the cytosol in the form of precursor proteins
(preproteins) and then posttranslationally transported into mitochon-
dria in an unfolded state.
Mitochondrial preproteins carry different types of targeting
signals. All mitochondrial targeting signals are recognized by the
receptors that are present in the outer mitochondrial membrane
exposing to the cytosol domains for recognition. Receptors deliver the
preproteins to the translocation channel of the TOM complex (the
translocase of the mitochondrial outer membrane) through which the
preproteins pass the outer membrane. The TOM complex appears to
be sufﬁcient for transporting some outer membrane proteins and a
number of intermembrane space proteins. Transport of all other
proteins requires the cooperated action of the TOM complex with
other mitochondrial translocases. Translocation and integration of ß-
barrel proteins into the outer membrane depends on the coordinated
action of the TOM complex with the soluble small TIM complex
(translocase of the mitochondrial inner membrane) in the intermem-
brane space and the TOB/SAM complex (topogenesis of outer mem-
brane ß-barrel proteins/sorting and assembly machinery) in the
outer membrane. Import of small, cysteine containing proteins of
Fig. 1. Pathways for translocation and sorting of proteins into mitochondria. See text for details.
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with the Mia40-Erv1 disulﬁde relay system in the intermembrane
space. Hydrophobic inner membrane proteins such as the members of
the carrier family traverse the outer membrane through the TOM
complex and are then recognized by a soluble small TIM complex in
the intermembrane space which delivers them to the TIM22 complex
in the inner membrane for insertion into the membrane.
The vast majority of mitochondrial proteins however follow the
general import pathway which is mediated by the combined action of
TOM complex and the TIM23 complex. Virtually all matrix proteins
and a large number of inner membrane proteins that use this pathway
are synthesized with cleavable N-terminal extensions called pre-
sequences or matrix targeting signals. The TIM23 complex mediates
translocation of proteins across and also insertion into the inner
membrane. Some inner membrane proteins synthesized with clea-
vable presequences are ﬁrst completely translocated into the matrix
and are then inserted into the inner membrane from the matrix side
with the help of the OXA1 complex. This occurs by a “conservative
sorting pathway” which is apparently inherited from the endosym-
biontic ancestors of mitochondria, gram-negative bacteria. The OXA1
complex is also responsible for insertion of hydrophobic inner
membrane proteins which are encoded in the mtDNA.
3. Energy requirements on different mitochondrial import
pathways
Transport of preproteins along the various mitochondrial import
pathways uses energy in different ways.
Mitochondria cannot import proteins in a folded state, therefore
preproteins are usually kept in the cytosol in an unfolded state.
Molecular chaperones of the Hsp70 (heat shock protein 70) and the
Hsp90 families stabilize them in an import competent state, a process
that requires energy in the form of ATP in the cytosolic compartment
[5]. For some preproteins, particularly for those belonging to thefamily of hydrophobic solute carriers in the inner membrane, binding
to chaperones is also essential for their delivery to the receptors at the
mitochondrial surface [6]. Such preproteins are transferred from the
chaperones to the Tom70 receptor at the expense of ATP hydrolysis.
During cotranslational translocation into the endoplasmic reticulum,
ribosomes are assumed to virtually push the preproteins through the
translocation channel. Interestingly, a number of mRNAs coding for
mitochondrial preproteins were found on the mitochondrial surface
suggesting that localized protein synthesismay be advantageous for the
biogenesis of this organelle [7]. However, so far a mechanism has not
been found in which translation by ribosomes that are ﬁrmly locked to
the outer membrane provides a driving force for translocation. On the
other hand, at least with one preprotein it is now clear that it has to be
translocated cotranslationally opening the possibility that ribosomes
might play an active role in the translocation reaction [8].
3.1. Membrane potential and ATP drive transport of preproteins on the
general import pathway
The vast majority of mitochondrial preproteins contain N-terminal
presequences which target the preproteins to the matrix via TOM and
TIM23 complexes. These N-terminal targeting signals have the po-
tential to form amphipatic helices with one hydrophobic and one
positively charged hydrophilic face. The TOM complex is handling the
precursors in a way that the targeting signal can reach the inter-
membrane space side of the protein conducting channel. This can
occur in the absence of a membrane potential or ATP. Interestingly, at
that stage the preproteins interact with the receptor of the TIM23
complex, Tim50 [9–10]. Increasing afﬁnities for the presequence
apparently drive transport from the receptors at the cytosolic surface
of the TOM complex through the translocation channel to the inter-
membrane space side of the TOM complex and Tim50 [11]. In the
absence of a further energy source translocation comes to an absolute
halt at this point.
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appears to be a highly energy-requiring step. It depends on two
energy sources, the membrane potential across the inner membrane
and ATP in the matrix. Translocation of the presequence from the
trans-site of the TOM complex through the TIM23 channel is strictly
dependent on the membrane potential. The membrane potential is
likely needed to open the translocation channel of the TIM23 complex,
or/and for an electrophoretic effect on the targeting signal. A
permanently opened channel in the inner membrane, however,
would be deleterious for mitochondria and opening of the TIM23
channel therefore has to be strictly controlled. In addition to its
receptor function, Tim50 was reported to induce closure of the TIM23
channel, likely by promoting dimerization of Tim23, the channel
forming component of the complex [12]. The effect of Tim50 can be
overcome by mitochondrial presequences suggesting an on-demand
opening of the translocation channel. The exact nature of the voltage
sensor in the TIM23 complex is still unclear. In addition to its channel
forming part, Tim23 has a domain in the intermembrane space which
dimerizes in a membrane potential dependent manner [13]. It is
however more likely that the actual voltage sensing device of the
TIM23 complex is located in its membrane embedded part and that
the observedmembrane potential dimerization of the intermembrane
space domain of Tim23 is due to the conformational changes induced
by changes in the membrane embedded part of the complex. Indeed,
recent crosslinking studies [14] demonstrated reversible and mem-
brane potential dependent rearrangements of transmembrane seg-
ments of Tim23 and Tim17, the subunit of the TIM23 complex involved
in formation and/or regulation of the translocation channel.
The membrane potential is needed for initial translocation of the
presequence across the inner membrane but it cannot support
complete translocation of the preprotein into the matrix. This process
depends on the ATP-dependent action of the import motor of the
TIM23 complex [15]. MtHsp70 is the ATP consuming subunit of the
motor. In the import motor mtHsp70 is recruited to the translocation
channel in the inner membrane by Tim44. Like all members of the
Hsp70 family of chaperones, mtHsp70 has an N-terminal nucleotide
binding domain and a C-terminal peptide binding domain [16–17]. The
two domains are functionally linked. When ATP is bound to the N-
terminal domain, the peptide binding domain is in the open
conformation enabling fast binding but also fast release of the
unfolded polypeptide chains. Upon hydrolysis of ATP to ADP, the
peptide binding domain closes efﬁciently, thereby trapping the bound
polypeptide. Release of ADP from the chaperone allows binding of ATP
to the nucleotide binding domain and thus the release of the
polypeptide chain from the peptide binding domain. Repeated cycles
of binding to and release from the chaperone couple the ATP hydrolysis
with the vectorial transport of the polypeptide into the matrix.
Progression through the ATPase cycle is regulated by cochaperones.
In the import motor, hydrolysis of ATP is stimulated by the J protein,
Tim14/Pam18 [18–20], whereas the nucleotide exchange factor Mge1
promotes release of ADP. Interestingly, the import motor has an addi-
tional cochaperone, Tim16/Pam16 [21–22]. Tim16 is a J-like protein that
forms a complex with and acts in an antagonistic manner to Tim14.
J and J-like proteins in the import motor were identiﬁed only
recently. Although many details of the functional cycle of mtHsp70 in
the importmotor are still unclear, the following picture is emerging. In
the inactive state i.e. without the translocating polypeptide, Tim44
recruits both mtHsp70 and the Tim14–Tim16 complex to the
translocation channel. Unwanted stimulation of the mtHsp70 ATPase
activity by Tim14 and idling of the import motor are prevented by
Tim16. When the preprotein emerges from the translocation channel
it is likely recognized by Tim44 and delivered to mtHsp70. Binding of
the preprotein to mtHsp70 leads to dissociation from Tim44 and
release of the chaperone from the membrane. Tim44 is now free to
recruit a new molecule of mtHsp70 to the translocation channel to
bind to the next segment of the incoming polypeptide chain. Tim14stimulates the ATPase activity of mtHsp70 converting it to the high
afﬁnity, ADP-bound state. This efﬁciently prevents backsliding of the
preprotein and traps it in the matrix. Release of ADP, helped by Mge1,
enables binding of ATP which leads to dissociation of the preprotein
from mtHsp70. Regenerated mtHsp70 can now be recruited again to
the translocation channel. It is not clear at which step stimulation of
the ATPase activity of mtHsp70 occurs, before or after the chaperone is
released from Tim44. It is, however, clear that it has to occur in the
vicinity of the membrane as membrane attachment of Tim14–Tim16
complex is essential for their function in the import motor [23–24].
Furthermore, how the inhibitory effect of Tim16 on Tim14 is relieved
and what the role of Tim44 in the process is remains to be clariﬁed.
The determination of the crystal structure of the Tim14–Tim16
complex provided a clear picture of the inhibited state of the complex
[25]. However, elucidation of the exact steps of the import motor and
the mechanisms how the ATP hydrolysis is converted to the
unidirectional transport into the matrix will require a number of
additional structures combined with extensive genetic analyses and
sophisticated biochemical experiments with puriﬁed components.
3.2. Sorting of ß-barrel proteins into the outer membrane
The import pathway for ß-barrel proteins was discovered only
recently [26,27]. The outer membrane of yeast mitochondria contains
several proteins that cross the membrane with ß-strands. Newly
synthesized ß-barrel proteins do not insert from the cytosol, where
theyare synthesized. Insertion requiresprior transport through the TOM
complex, recognition in the intermembrane space by the small TIM
complexes and then insertion into the outermembranewith the help of
the TOB complex. The TOB complex consists of at least three subunits,
Tob55/Sam50, Tob38/Sam35 and Mas37/Sam37/Tom37 [26–29]. Tob55
is the component with a proven role in membrane integration. It is a
homolog of the bacterial Omp85, for which also a role in the insertion of
ß-barrel proteins into the bacterial outer membrane from the
periplasmic space has been demonstrated [30]. The roles of the other
two subunits are not clear, although Tob38 is essential in yeast and
therefore is likely to have a critical function in the TOB complex.
The whole process of import and assembly of ß-barrel proteins
requires no obvious energy source. This suggests that increasing
afﬁnities of the binding partners on the assembly pathway confer
unidirectionality to the transport. Furthermore, hydrophobic ß-barrel
insertion into the membrane is likely to be an energetically favorable
reaction as the free energy of folding of the soluble precursor form of
this membrane protein might well be providing the energy for the
whole process. However, how the TOM and TOB complexes mediate
the complex reactions on the pathway remains currently unclear.
3.3. Oxidative trapping of small cysteine containing proteins in the
intermembrane space
Small cysteine containing proteins of the intermembrane space are
involved in transport of preproteins through the intermembrane
space and in biogenesis of respiratory chain complexes. In the cytosol,
they have to be kept in a reduced state as premature formation of
disulﬁde bonds prevents their import into mitochondria. Their
movement across the outer membrane through the TOM complex
seems to be reversible since in the absence of cofactor binding or
disulﬁde bond formation in the intermembrane space they diffuse
back to the cytosol [31]. Efﬁcient trapping of these proteins in the
intermembrane space requires the recently identiﬁed protein Mia40
[32–34]. According to the current models [35–37], Mia40 in its
oxidized state, interacts with the incoming preproteins and forms a
transient intermolecular disulﬁde bond with the substrate. It is likely
that substrates are released from Mia40 in the oxidized and at least
partly folded form. This latter reaction is presumed to prevent their
retrograde movement through the TOM complex and locks them in
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regenerated by the sulfhydryl oxidase, Erv1 [38]. Erv1 on the other
hand transfers electrons to cytochrome c in the respiratory chain to
ultimately transfer the electrons to themolecular oxygen [39–41]. This
import pathway is the only known example so far where the apparent
driving force for vectorial transport of proteins is the formation of
covalent bonds.
3.4. Membrane potential dependent sorting of hydrophobic carrier
proteins into the inner membrane
Internal mitochondrial targeting signals are present in the
precursors of the members of the solute carrier family, which contain
six transmembrane segments. They are translocated through the TOM
complex and guided through the intermembrane space by way of
interaction with the soluble small TIM complex [42]. This hexameric
protein complex [43] transfers the precursors to the TIM22 complex
which inserts them into the inner membrane in a membrane potential
dependent reaction. Tethering of the preprotein to the TIM22 complex
occurs in a membrane potential independent reaction. Two mem-
brane potential dependent steps appear to take place in a successive
manner [44]. A membrane potential of ca. 60 mV is sufﬁcient to stably
dock the preprotein to the complex. Since under these conditions no
effects on the translocation channel are observed it seems possible
that membrane potential exerts an electrophoretic effect on the
preprotein itself. Higher voltages are then needed to activate the
channel and promote the actual insertion event. In addition, insertion
of transmembrane segments into the membrane is an energetically
favorable event per se.
3.5. Insertion into the inner membrane from the matrix side
Proteins which are transported via the conservative sorting
pathway and those encoded in the mtDNA use the OXA1 complex
for insertion into the inner membrane [45]. Insertion of conserva-
tively sorted proteins depends on the membrane potential across
the inner membrane. Interestingly, a proton gradient seems to be
crucial [46]. This requirement resembles the situation upon in-
sertion of proteins into the bacterial membrane [47]. In contrast,
insertion of proteins encoded in the mtDNA occurs almost ex-
clusively in a cotranslational manner and depletion of the mem-
brane potential has only partial effects [48]. This suggests that in the
latter case ribosomal pushing may be an important driving force for
membrane insertion.
4. Concluding remarks
At least six different translocases are involved in recognition and
sorting of mitochondrial proteins. They use different energy sources to
drive unidirectional transport across and into mitochondrial mem-
branes. Identiﬁcation of new translocases in the last years revealed
novel mechanisms of using different forms of energy in order to drive
vectorial translocation from the cytosol into the various subcompart-
ments of the mitochondria. In the already known translocases novel
mechanisms which regulate the efﬁcient use of energy were
discovered. In the future, as we learnmore about protein translocation
into mitochondria, we will likely discover even more ways as to how
unidirectionality of translocation of proteins is achieved. After all,
some of the known mitochondrial proteins appear not to use import
pathways that have been described so far.
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